Introduction
Advanced materials such as metal matrix composites ͑MMCs͒ have been increasingly used for high-strength mechanical components, such as automotive drive shafts, ground vehicle brake rotors, and aircraft fins, etc. However, machining such composites presents a great challenge because the reinforcements in MMCs have higher hardness ͑e.g., 2400 Hv of SiC, 2100 Hv of Al 2 O 3 ͒ compared to conventional tool materials such as tungsten carbide ͑1800 Hv͒. Diamond tools, polycrystalline, or coating have been used to achieve an economical tool life ͓1͔. In machining of composites, tool wear is characterized by adhesion to the soft matrix material and by abrasion from the reinforcement phase ͓2͔. A recent study of Al composite machining using chemical vapor deposition ͑CVD͒ diamond tools showed that the primary wear mechanism is catastrophic failure, i.e., coating peeling off ͓3͔. Figure 1 shows the tool wear development in machining A359/ SiC/ 20p composite at different cutting conditions. After initial wear, a drastic increase of flank wear land is noted. Figure   2͑a͒ is a scanning electron microscopic ͑SEM͒ image of a worn CVD diamond tip after composite machining. The cutting edge, including the nose area, is covered by the work material. Figure  2͑b͒ is a SEM image of the same cutting tip after leaching off the deposit in a 10% hydrochloride acid solution. As observed, the coating was peeled off during machining, leaving a noticeable boundary. It is also evident that once the coating was removed, the carbide substrate underwent rapid nose wear, possibly due to severe plastic deformation. For diamond-coated tools, due to the difference in the thermal expansion coefficient and elasticity between the coating and substrate, e.g., 1.0 m to 2.0 m/͑m K͒ and around 950 GPa to 1200 GPa of the diamond coating ͓4͔ versus 5.5 m/͑m K͒ and 620 GPa of the WC substrate ͓5͔, the elevated tool temperatures during machining may escalate the stress states at the coating interface, which, if exceeding the bonding strength, eventually lead to the coating failure. Reducing cutting temperatures may delay the onset of coating failure and extend the tool life.
Cutting fluids are commonly used in machining to reduce cutting temperatures by enhanced lubrication and cooling. However, conventional cutting fluids have controversial effects on tool wear in machining of Al composites ͓6͔, even accelerating tool wear in some cases ͓7͔. In addition, because of the increasing environmental regulations and the related coolant disposal and treatment costs, dry machining has been aggressively pursued in the manufacturing industry ͓8,9͔. Reducing cutting temperatures without using cutting fluids is a growing challenge in the machining of composites. This research investigates heat-pipe assisted cooling to enhance heat dissipation and, thus, reduce cutting temperatures in composite machining. Heat pipes are passive devices with high thermal conductance used to transport heat by means of evaporation and condensation of an appropriate fluid ͓10͔. Using heat pipes for heat removal in machining has been occasionally reported. Judd et al. ͓11͔ investigated turning of steel with a heat pipe embedded in a tool holder and reported that the heat pipe is found effective in reducing the tool-holder temperature by 30%. Jen et al. ͓12͔ studied heat-pipe cooling in drilling applications, numerically and experimentally. The authors claimed that the heat pipe in the drill can reduce the drill temperature by 30% to 50%. Koepfer ͓13͔ further reported of designed and tested drills with a built-in heat pipe and indicated a 40% to 60% increase in the drill life. Chiou et al. ͓14,15͔ conducted a finite element analysis and an experimental study of heat-pipe cooling in steel machining using carbide tools. The authors concluded that the heat pipe, embedded in a cutting insert, is able to alleviate the cutting tool temperatures, reduce tool wear, and prolong the tool life. None of the above studies addressed the heat partitioning that is altered due to external cooling. Note that although heat pipes can enhance heat dissipation in a cutting tool, the high thermal conductance of heat pipes may also draw an additional heat flux into the tool, compared to machining without heat-pipe cooling. Thus, it is necessary to study the heat partitioning modified by heat-pipe cooling in machining in order to assess and model the heat-pipe effects on cutting tool temperature reductions.
The objectives of this study are to evaluate the effects of heatpipe cooling on the cutting temperatures, particularly at the toolchip contact, and to examine the heat-partitioning aspect in machining with external cooling devices such as heat pipes. Research approaches used in this study include a machining experiment, cutting mechanics analysis, and numerical simulations. Aluminum composites were turned using diamond-coated tools and the acquired cutting forces, chip thickness, and tool-chip contact area were analyzed for heat source characterizations that were used in temperature simulations. Numerical temperature analysis using a 3-D tool model and a 2-D chip model were integrated, based on finite element analysis. Matching the average tool-chip contact temperatures from the two models determines the heat-partition coefficient and consequent temperature distributions. Cutting tool temperatures, without or with heat-pipe cooling, at different cutting conditions were then analyzed. Simulation results were also compared with temperature measurements from the machining experiment. After validation, the model was applied in a parametric study. The overview of the research approaches is shown in Fig. 3 .
Research Methodologies
Machining Experiment. The turning of A359/ SiC/ 20p bars was conducted in a precision CNC lathe. A359/ SiC/ 20p is an A359 aluminum alloy reinforced with 20% silicon-carbide particles. CVD diamond-coated inserts ͑WC substrate͒ of TPG432 geometry were used in the turning tests. The diamond coating has a nominal thickness of 30 m with an average grain size of 15 m. The tool holder and the cutting insert result in a 0 deg rake angle ͑both side and back͒, 11 deg relief angle, and 0 deg lead angle. Cutting inserts used also have a nose radius of 0.8 mm. Two cutting speeds ͑V͒, i.e., 1 m / s and 3 m / s, and two feeds ͑f͒, i.e., 0.1 mm/ rev and 0.3 mm/ rev, were selected, giving a combination of four cutting conditions. Depth of cut and axial cutting distance were kept at 2 mm and 120 mm, respectively, in all tests. Heat-pipe cooling was incorporated in machining to be compared against no heat-pipe machining at each cutting condition. Cutting force data were monitored during machining by a dynamometer ͑Kistler 9257B͒ and a data acquisition system. Cutting chips collected in machining were mounted, secured by stainless steel rings for accurate orientations, and then polished to expose the chip cross section. The chip thickness ͑t c ͒ was then measured by optical microscopy. The nominal tool-chip contact length ͑l c ͒ and area ͑A r ͒ at the rake face were also measured after the test and it was noted that A r can be approximated as the product of l c and the depth of cut with less than 3% error. Cutting temperatures were also monitored using K-type thermocouples at three different locations shown in Fig. 4 . The heat pipe used in this study was a flat-plate heat pipe bent at a 135 deg angle. The heat pipe was clamped onto the tool rake face and the centerline of the heat pipe was about 12.5 mm to the furthest point of the tool tip ͑Fig. 5͒. The contact surface of the heat pipe was polished and thermal grease was applied at the interface to reduce the contact resistance with the tool surface.
Heat Source Analysis. The cutting geometry in the turning test has a 0 deg inclination angle, 0 deg lead angle, and a depth of cut sufficiently larger than the feed and the tool nose radius ͑0.8 mm͒ used. From the machining experiment, the radial component ͑F r ͒ was smaller than the axial component ͑F a ͒, generally less than 40% ͑to be shown in the Results and Discussion Section͒. The thrust forces calculated without or with the radial force have an uncertainty less than 8%, which leads to below 3% variations of average contact temperatures. Thus, 2-D orthogonal cutting mechanics using the tangential and axial components ͑F t and F a ͒ was applied for the shear-plane and rake-face force and heat-flux analysis ͓16͔. Moreover, cutting chips obtained from this machining study were mostly of a ring type ͑Fig. 6͑a͒͒, indicating that the tool-nose area effect was small. The cross section of cutting chips is mostly uniform in thickness with a minor serrated profile at high feeds ͑Fig. 6͑b͒͒. For such cases, the equivalent average chip thickness was used for subsequent analysis.
The measured cutting forces, chip thickness, and tool-chip contact length were used to calculate the heat flux ͑q s ͒, heat partition coefficient to the chip ͑␤ s ͒, and the average temperature ͑Ts ave ͒ of the shear-plane heat source using Loewen and Shaw's model ͓17͔. Following the analytical approach, it was further assumed that the heat fluxes, both the shear plane and rake face, are uniform across the heat-source area, without the sticking-sliding phenomenon at the rake face considered. Table 1 lists measured and derived variables from the machining experiments, including the shear-plane and rake-face heat sources.
For machining without heat-pipe cooling, the rake-face heatsource characteristics, such as heat partitioning and average toolchip temperatures, can also be approximated using a similar analytical approach ͓17͔. When a heat pipe is applied ͑or other external cooling͒, the rake-face heat-partition coefficient and the contact temperatures cannot be determined by the analytical methods. To resolve this unknown due to external cooling, the heat transfer phenomenon of the cutting tool and the chip were studied by the approach described below. The overall rake-face heat flux is attainable using cutting mechanics analysis and will be used in the numerical simulations.
Temperature Simulations. Heat transfer models of a 3-D tool and a 2-D chip were separately constructed using commercial finite element analysis software, ANSYS. For the 3-D tool model, transient heat conduction with adiabatic boundary conditions was applied with a given initial temperature of 21°C. Convection boundary conditions were also tested, with relative air flow caused by workpiece rotations, but showed negligible effects ͓18͔. The Transactions of the ASME overall heat flux at the heat-source area ͑i.e., rake face contact͒ q r is calculated from cutting mechanics and the heat partition coefficient ␤ r is to be determined. As the average contact temperatures were evaluated for comparisons, a uniform heat-partitioning coefficient across the heat-source area was adopted. The actual geometry of the insert and the tool holder was used. The diamond coating was modeled as a 30 m thick layer covering the entire insert rake face and a half of the side surfaces. Figure 7͑a͒ shows the meshed tool model with a heat pipe attached to the tool rake face. The heat pipe used was originally a round-tubing piece, and was pressed to flat at one end in order to obtain contact with the insert. As the volume is the main geometric factor to the heat dissipation capacity of a heat pipe, and to avoid unnecessary meshing and computational time, the heat pipe was modeled as a flat plate with the same volume as the actual heat pipe used; dimensions are shown in Fig. 7͑b͒ . The element sizes of the tool geometry meshing in FEA are dependent on the component dimensions and shapes, and the elements at and around the heatsource area, with large temperature gradients, are refined to improve the accuracy. The smallest element size of the tool model was 10 m.
The contact resistance between the insert and the tool holder was included in the heat transfer model by introducing additional fictitious layers with a specified thermal conductivity and sizes to represent the heat-transport phenomenon at the contact. In this study, three thin layers were included in the 3-D tool model, one underneath the insert, and the other two at the side contact between the insert and the tool holder. The thermal conductivity of the fictitious contact-resistance layers was first approximated according to empirical correlations ͓19͔. Next, machining of aluminum alloy ͑6061͒ was conducted at a specified condition and the heat sources were characterized using cutting mechanics for tooltemperature simulations. The simulated temperatures were compared with both analytical results ͑average rake-face contact temperature͒ and measured tool temperatures at remote locations to fine tune the thermal conductivities of the three fictitious layers. Different thermal conductivity values were specified for the bottom and side contacts: 0.4 W / m K and 0.15 W / m K, respectively. The bottom piece has the same area as the insert with a thickness of 0.1 mm and the side pieces have a 10 mmϫ 2.5 mm area with a thickness of 0.1 mm as well. This method substantially improved the approximation compared to the analysis without contact resistance.
Temperature-dependent thermal conductivities were used in the simulations. The thermal conductivity of the diamond coating ͓20͔, the WC substrate ͓21͔, and the tool holder ͓22͔ are listed in Table 2 . Specific heat and density of the diamond coating, the substrate, and the steel tool holder ͑AISI 4140͒ used were: 502 J / kg K and 3510 kg/ m 3 , 210 J / kg K and 14,900 kg/ m 3 , 520 J / kg K and 7800 kg/ m 3 , respectively. The physical and thermal properties of the heat pipe used were taken from ͓15͔. The thermal grease was modeled as a thin film, 0.1 mm thick, placed between the tool and the heat pipe. The properties of the heat pipe and the thermal grease are listed in Table 3 .
The thermal model of the chip is approximated as the thermal response of a heat source moving over a finite body ͑i.e., the chip͒ with a constant speed. The 2-D chip model consists of a long straight strip with the chip thickness t c as its thickness and the other dimension L is sufficiently large to simulate a continuously developed chip. The heat source has a heat flux of ͑1-␤ r ͒q r with the size of the tool chip contact length l c , moving at the chip speed V c along the cut surface of the chip, as illustrated in Fig. 8 . Following the cutting analysis ͓17͔, the initial temperature of the chip is set uniformly as the average shear-plane temperature ͑Ts ave from the cutting mechanics analysis͒ as the work material enters the chip zone through the shear-plane heating. The heat generation and temperatures at the shear plane are presumably not affected by heat-pipe cooling. The boundary conditions used were adiabatic at all surface areas and not affected by the heat pipe. Convection boundary conditions were also tested, with relative air flow caused by the moving chip, but showed a negligible effect ͓18͔. The 2-D chip model has been tested against the analytical results of the moving heat source problems ͓23͔, and the FEA simulations virtually equal the analytical results ͓18͔. The rakeface heat-partition coefficient was first estimated, and a uniform heat flux of ␤ r q r and the remaining ͑1−␤ r ͒q r were allocated into the tool and chip models, respectively, for temperature calculations. By then attempting to match the average temperature at the tool-chip contact from the two models, the heat-partition coefficient wasnumerically determined through iterations. A 3-D chip model using the same concept was also developed and tested. With over three-fold computational time, the difference in results between the 3-D and 2-D chip models was, however, virtually negligible.
The simulation results were compared with temperature measurements taken during machining at three locations ͑Fig. 4͒. At each testing condition, the transient profile was compared and the temperature at the end of machining, where the temperature approached an asymptotic profile, was used for quantitative validations. After validations, the temperature models were used to investigate, in a parametric study, the cutting temperatures modified by heat-pipe cooling.
Results and Discussion
The shear-plane and rake-face heat fluxes, calculated from the cutting mechanics, are plotted in Figs. 9͑a͒ and 9͑b͒ , comparing the heat-pipe cooling effects. It is noted that the heat-pipe effects on the heat flux of both heat sources are rather minor. Thus, it can be suggested that the heat pipe does not alter the chip formation process. Further, the simulation results of no heat-pipe conditions were compared with the analytical results. It is noted that the simulations are, in general, comparable to the analysis. Figure 10 shows examples of the temperature distributions in a cutting tool during machining ͑a͒ without and ͑b͒ with heat-pipe cooling. The machining conditions were 1 m / s of cutting speed and 0.1 mm/ rev of feed. On the other hand, Fig. 11 shows examples of the temperature distributions in the chip ͑a͒ without and ͑b͒ with heat-pipe cooling, with the same machining conditions as in Fig. 10 . It is clear that heat-pipe cooling is able to reduce cutting tool temperatures.
The approximated chip geometric model deviated from the actual chips, e.g., nonuniform thickness, curling, etc. However, the equivalent thickness, chip speed, and thermal properties are more critical to the heat-removing capacity than the chip shape. The effect of nonuniform thickness and curled chips was evaluated in simulations. Figure 12 presents temperature distributions in a chip with different configurations: uniform, serrated, and curled. It can be noted that the chip shape has little effect on temperature fields, and further, negligible effects on the average contact temperatures ͑378.9°C, 382.3°C, and 381.5°C͒. Therefore, a straight uniformthickness chip was considered a reasonable approximation. Figure 13 shows the effect of heat-pipe cooling on the heatpartition coefficient of the rake-face heat source at different cutting conditions. Obviously, heat-pipe cooling inevitably increases the rake-face heat partitioning into the tool, by as much as 30%. Figure 14 compares the heat-pipe effects on the average tool-chip contact temperatures. Although the cooling results in an increased heat flux into the tool ͑Fig. 13͒, the average tool-chip contact temperatures are generally alleviated by heat-pipe cooling, except at the combination of high speed and high feed. For the machining conditions and heat-pipe settings tested, the average tool-chip contact temperatures are reduced, up to about 10°C. Despite the increased heat flux into the tool due to external cooling, which offsets the cooling capability, the balance of these two competing effects favors cutting temperature reductions, although not significantly at the current settings. Transactions of the ASME The simulated tool temperatures were also compared with the temperature measurements. The maximum differences between the measured and simulated tool temperatures at three locations, i.e., T 1 , T 2 , and T 3 are 23°C, 9°C, and 10.5°C, respectively, with an average error of 7°C. Figure 15 , as an example, plots the differences between the simulations and measurements at T 3 . Table 4 lists the simulated and measured tool temperatures at all three locations for four machining conditions. The simulated tool temperatures reasonably agree with the experimental results. At the measuring locations, which are remote from the cutting zone, the tool temperatures show a consistent reduction, up to 42%, from heat-pipe cooling ͑Fig. 16͒. This observation indicates that heatpipe cooling enhances heat dissipation in cutting tools, which has been consistently reported in other studies ͓12,14,15͔.
The measurement uncertainty was examined from the simulation results. Figure 17 shows examples of temperature contours ͑at low speed and low feed machining͒ around the measuring locations. The errors due to location uncertainty in measurements are considered small as the temperature gradients at those locations are rather insignificant. The tool-chip contact areas are, however, more sensitive to the temperature response than the measuring locations. A systematic testing indicates that a 10% difference of the temperatures at measuring locations, if occurring, implies about a 15% change of the contact temperatures in the corresponding simulations. It is also noted that temperature reductions obtained from the simulations are about 5°C to 10°C, the same magnitude as measurement variations. However, temperature reductions by heat-pipe cooling are very consistent when doing pair comparisons ͑measurements or simulations͒, independent of the location and the machining conditions, as evident in Table 4 . In addition, a systematic analysis has been conducted to examine the model sensitivity to several model parameters; e.g., contact resistance between the tool holder and the insert. The results show that the temperature models are relatively insensitive to most of the parameters, such as contact conductivity between the tool holder and the insert; e.g., a 5% change of contact thermal conductivity yields less than a 0.5% change of the average contact temperatures.
The models were also used to investigate the effects of the major parameters on the cooling efficiency. Without involving intensive computation for chip formation analysis, this study used the derived heat-source characteristics as the input of temperature simulations. Therefore, the parameters of the FEA models include the heat flux, the tool-chip contact length, and the heat-pipe settings. The following variables and their ranges have been tested in the parametric study: ͑1͒ the rake-face heat flux ͑q r = 60, 130, and 200 W / m 2 ͒, ͑2͒ the tool-chip contact length ͑l c = 0.45, 1.0, and 1.6 mm͒, ͑3͒ the heat-pipe volume ͑v = 3150 mm 3 ͑named v1͒ and 9450 ͑v2͒ mm 3 ͒, and ͑4͒ the heat-pipe distance to the cutting edge ͑p = 12.5 mm͑p1͒, and 7.5͑p2͒ mm͒. The v1 is the volume of the actual heat pipe used in this study. In all simulated cases, the chip initial temperature was assumed constant, i.e., the average shearplane heat source temperature ͑200°C͒ is roughly the average of four tested conditions.
The Figure  18 plots the influence of the heat flux to the relative temperature reductions at different cooling settings for a 0.45 mm tool-chip contact length, corresponding to 0.1 mm feed and 0.22 mm chip thickness in the experiment. It is noted that heat-pipe cooling consistently reduces the average tool-chip contact temperatures. Although the relative cooling effect decreases with the increase of the heat flux, absolute temperature reductions will be greater at higher heat fluxes. Note that the rake-face heat flux and the cutting speed are related, and from the experiment, the heat flux and the cutting chip speed are seemingly proportional. This implies that an increase of the cutting speed will decrease the heat-pipe cooling effectiveness. The comparison of the temperature reductions between different volumes ͑v1 versus v2͒ indicates that increasing the heat-pipe volume will only marginally enhance its efficiency; in this specific case, tripling the heat-pipe volume results in a 17.5% increase of the cooling effects. On the other hand, the comparison between different heat-pipe locations ͑p1 versus p2͒ suggests that decreasing the heat-pipe distance to the heat source will significantly increase the cooling efficiency. By shifting the Transactions of the ASME heat-pipe center 5 mm closer to the heat source, i.e., from 12.5 mm to7.5 mm, the cooling efficiency of the heat pipe can be doubled. Figure 19 illustrates the effect of the tool-chip contact length on the relative temperature reductions at different cooling settings with a fixed rake-face heat flux of 60 MW/ m 2 , corresponding to 1 m / s cutting speed and 0.45 m / s cutting chip speed in the experiment. From the heat-flux analysis results ͑Fig. 9͑b͒͒ the rakeface heat flux is close to constant at different feeds. On the other hand, the tool-chip contact length changes noticeably with the feed. The cooling effectiveness decreases with increasing toolchip contact length. However, when the heat-source size ͑tool-chip contact length͒ reaches a certain limit, 1 mm in this case, the relative cooling efficiency shows no further decreasing. From experimental observations, the tool-chip contact length and the chip thickness are related to the feed, nearly proportionally increasing. The result suggests that the cooling efficiency decreases with the increase of the feed, however, it shows no further decreasing if the feed reaches a certain value. Figure 19 also confirms that both increasing the heat-pipe volume and decreasing the heat-pipe distance will enhance the heat-pipe cooling effects, but the distance factor appears to be more dominant, as in the heat-flux effects.
For the current settings, the temperature reductions ͑at tool-chip contact͒ by heat-pipe cooling are up to around 10°C ͑or 4%͒, which may not substantially impact tool wear. However, diamondcoating tool failure can be sensitive to cutting temperatures because the diamond and WC have significantly mismatched thermal expansions that will develop high interfacial stresses. For example, using literature data ͑1.5 m/͑m K͒, 5.5 m/͑m K͒, 1100 GPa, and 0.07 for the thermal expansion coefficient of diamond and WC, the elasticity and Poisson's ratio of diamond, respectively ͓4,5͔͒, a change of 20°C will modify the stresses by about 100 MPa. The results of the parametric study also imply that with a heat pipe placed close to the rake-face heat source, the cooling effectiveness can be significantly improved. On the other hand, using a smaller heat pipe will not compromise the effectiveness noticeably. In addition to a different means of improving heat-pipe performance, this result may provide a possible research direction for implementing heat pipes in a cutting tool system for cutting temperature reductions.
Conclusions
Cutting tool temperatures in composite machining, assisted by heat-pipe cooling, were numerically and experimentally studied. In tool temperature simulations, the heat source characteristics were obtained from the machining, and the thermal models of a 3-D tool and a 2-D chip were integrated with the rake-face heatpartition coefficients, altered by external cooling, and determined through matching the tool-chip contact temperatures of both models. Heat-pipe cooling was implemented in the machining test and its effects on tool temperature reductions were simulated and compared with the experiment, and further investigated in a parametric study. The major findings of this study can be summarized as follows. ͑1͒ Despite increased heat dissipation by heat-pipe cooling, the cooling always results in a higher heat flux into the tool, which offsets the cooling capability. Nevertheless, the balance of these two competing effects generally favors temperature reductions, up to 4% tool-chip contact temperatures at current settings. ͑2͒ The cooling efficiency decreases as the cutting speed and feed increase because of the increased heat flux and the heat-source area. ͑3͒ Increasing the heat-pipe volume and decreasing the heatpipe distance to the heat source enhance the heat-pipe cooling effectiveness. The heat-pipe distance to the heat source is more critical than the volume; reducing the distance 40% would double the relative temperature reductions in the studied cases. ͑4͒ The combined 3-D tool and 2-D chip FEA models can be used to study machining temperatures at external cooling conditions without complex chip formation analysis. Such an approach provides an efficient analysis, with reasonable accuracy, to evaluate cutting temperatures when external cooling is present. The current models require heat source input from machining tests. To enhance the overall model capability, the future work will attempt the relationships between machining parameters and cutting forces, tool-chip contact, and chip thickness that can calculate the heat sources. In addition, a high-order heat-flux distribution at the rake-face contact, e.g., linear instead of uniform, would be more appropriate if the maximum temperatures at the tool-chip contact are of interest. Moreover, as the coating failure mostly is initiated at the tool flank-wear land, the tool-thermal model will be modified to incorporate the wear-land heat source in cutting tool temperature analysis with external cooling. 
